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Abstract
More than 27 million tonnes of waste plastics are generated in Europe each year representing a considerable potential 
resource. There has been extensive research into the production of liquid fuels and aromatic chemicals from pyrolysis-catal-
ysis of waste plastics. However, there is less work on the production of hydrogen from waste plastics via pyrolysis coupled 
with catalytic steam reforming. In this paper, the different reactor designs used for hydrogen production from waste plastics 
are considered and the influence of different catalysts and process parameters on the yield of hydrogen from different types 
of waste plastics are reviewed. Waste plastics have also been investigated as a source of hydrocarbons for the generation of 
carbon nanotubes via the chemical vapour deposition route. The influences on the yield and quality of carbon nanotubes 
derived from waste plastics are reviewed in relation to the reactor designs used for production, catalyst type used for carbon 
nanotube growth and the influence of operational parameters.
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Statement of Novelty
Waste plastics are of current environmental concern. Pro-
duction of hydrogen and carbon nanotubes represents a 
novel route to thermal recycling of waste plastics to produce 
higher value products.
Introduction
Worldwide production of plastics is more than 330 million 
tonnes/year, with 60 million tonnes/year produced in Europe 
[1]. The different applications and range of various plastic 
types means that their industrial, commercial and domes-
tic service life can range from less than one year to more 
than 50 years. Inevitably, much of the plastic will end up 
in the waste stream and in Europe approximately 27 mil-
lion tonnes of waste plastics are generated each year [1]. 
The current process routes for plastic waste management in 
the EU are ~ 42% used for energy recovery (mainly through 
energy from waste incineration) ~ 27% disposed to landfill 
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and ~ 31% recycling [1]. In addition, there is also significant 
export of waste plastics, with a reported ~ 2 million tonnes of 
waste plastic exported out of the EU each year [2].
The European Commission has recognised the impor-
tance of the sustainable management of waste plastics and 
has recently introduced ’A European Strategy for Plastics in 
a Circular Economy’ [3]. The strategy highlights the prob-
lematic issues around the management of waste plastics, 
including for example,  CO2 emissions from incineration of 
waste plastics, illegal dumping and littering, microplastics 
in the ocean environment and landfilling/incineration which 
represents a waste of resource. The strategy also proposed 
a number of measures to encourage recycling of waste 
plastics, including separate collection of waste plastics, 
and enhancing the value of waste plastics as a feedstock 
for industries with encouragement for innovation and new 
process developments.
The process options for recycling waste plastics in the EU 
are dominated by mechanical recycling (99%) and only 1% 
is recycled via thermochemical recycling [1]. Mechanical 
recycling involves sorting, shredding, washing, drying and 
pelletising of the plastic to produce a recyclate material. 
The process maintains the molecular structure of the plas-
tic polymer and the recyclate can be used to produce new 
plastic products such as garden furniture, shoes, waste bins, 
automotive parts etc. Thermochemical recycling mainly 
through pyrolysis and gasification aims to produce higher 
value end-products such as fuel oils, gasoline, syngas etc. [4, 
5]. Pyrolysis is one such feedstock recycling process, where 
the plastic is thermally degraded at moderate temperature 
(~ 500 °C) in the absence of oxygen to produce lower molec-
ular weight molecules which may be condensed to produce 
an oil and gas product. There have been several reviews on 
the management of waste plastics which include pyrolysis 
[6–10]. For example, Al-Salem [6] reviewed the range of 
recycling and recovery routes for plastic solid waste, includ-
ing mechanical recycling and energy recovery, but also a 
range of other options, including pyrolysis, gasification, 
hydrogenation and solvolysis.
The plastics found in municipal solid waste mainly 
consist of the thermoplastics, high density polyethylene 
(HDPE), low density polyethylene (LDPE), polypropylene 
(PP), polystyrene (PS), polyvinyl chloride (PVC) and poly-
ethylene terephthalate (PET) (Delgado et al. [5]). HDPE and 
LPDE are polyethylene plastics but differ in the amount of 
branching and cross-linking in the polymer, with LDPE hav-
ing a higher degree of branching and cross-linking which 
restricts tight packing of the polymer chains, leading to a 
lower density plastic product. Pyrolysis of these thermoplas-
tics produces a gas and oil/wax product where the hydro-
carbon composition is based on the original structure of the 
polymer. For example, polyethylene is thermally degraded 
through random scission of the polymer to produce a wide 
range of hydrocarbon fragments which stabilise to form a 
series of n-alkanes from  C1-C60, and also at lower concentra-
tions, alkenes and alkadienes containing C=C bonds. The 
extent of bond scission and hence the proportion of oil and 
gas produced depends mainly on the pyrolysis temperature, 
where higher temperatures lead to higher levels of bond scis-
sion and hence more  C1–C4 gases [4]. Polypropylene is also 
a polyalkene plastic and will similarly produce a series of 
alkanes, alkenes and alkadienes [4]. The thermal degradation 
of polyalkene plastics at ~ 500 °C leads to an oil/wax with 
an exclusively aliphatic product composition and negligible 
aromatic content [11, 12]. However, alteration of the process 
conditions can lead to the formation of aromatic compounds. 
For example, high temperature and long residence times lead 
to secondary Diels–Alder type aromatisation reactions. For 
example, pyrolysis of low density polyethylene in a fluidised 
bed at 700 °C with a long gas residence time produced an 
oil/wax product of 28.6 wt% with a high content of benzene, 
xylene, toluene and polycyclic aromatic hydrocarbons [11]. 
Also, fluidised bed pyrolysis of polyethylene at 740 °C with 
recycling of the pyrolysis product gas produced a benzene 
concentration of 19.2 wt% [13]. The higher temperature and 
secondary reactions of the recycled pyrolysis gases lead to 
higher aromatic compound formation.
Polystyrene has an aromatic polymer structure and ther-
mal cracking of the polymer produces an aromatic product 
slate consisting of high concentrations of styrene (~ 50–79 
wt%), together with the styrene dimer and trimer and other 
aromatic compounds including toluene, xylene and alkylated 
benzenes. Polyvinyl chloride has a polymer chain structure 
and might be expected to produce a mainly aliphatic prod-
uct slate. However, the presence of chlorine in the structure 
leads to low temperature dechlorination and the evolution 
of hydrogen chloride gas. As the chlorine is progressively 
removed from the polystyrene structure, C=C bonds are 
formed followed by cyclisation to produce aromatic com-
pounds such as benzene, toluene, indene, naphthalene and 
alkylated naphthalenes [4]. The development of pyrolysis 
processes for PVC include, temperature sequential pyrol-
ysis, where the HCl is firstly removed at lower tempera-
ture (~ 300 °C) followed by pyrolysis of the de-chlorinated 
polymer [14]. Alternatively, the HCl, may be adsorbed by 
additives to the process such as FeOOH or  Fe3O4. Polyeth-
ylene terephthalate contains linear, aromatic and oxygen-
ated hydrocarbon groups, and thermal degradation involves 
scission of the polymer chain to produce mainly terephthalic 
acid and benzoic acid and gaseous CO and  CO2.
There are several waste plastics pyrolysis technologies 
that have been developed to large scale [4, 14–18]. Indeed, 
several companies have developed commercial scale waste 
plastic pyrolysis plants with batch, semi-batch and continu-
ous operation and ranging in through-put from 1 to 10 tonnes 
per day batch reactors to 5–30 tonnes per day continuous 
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reactors [19–23]. However, there is growing interest in 
producing significantly higher value products from waste 
plastics involving the use of catalysts [24–26]. Catalysts 
can play a critical role in the thermochemical processing 
of waste plastics in terms of promoting targeted reactions, 
reducing reaction temperature and improving process system 
efficiency. Sharuddin et al. [25] reviewed the pyrolysis of 
different types of common waste plastics in terms of mainly 
the product oil and included work on catalytic-pyrolysis. 
The influence of temperature, reactor type, residence time, 
pressure, catalysts, type of carrier gas and gas flow rate on 
the product oil composition and fuel properties was reported. 
Miandad et al. [26] reviewed work on the catalytic pyroly-
sis of plastic waste in relation to the production of liquid 
fuels and by-product gases and char. The influence of several 
different catalysts and operational parameters on the yield, 
composition and fuel properties of the product oil were 
reviewed. Al-Salem et al. [24] also reviewed the thermal 
and catalytic pyrolysis of waste plastics including different 
technologies used for pyrolysis and pyrolysis-catalysis, and 
the influence of process parameters on product yields and 
composition.
The catalyst involved in the process may be mixed with 
the waste plastic and thermally processed together, or alter-
natively, the catalyst may be placed downstream of the 
thermal pyrolysis step. The two-step approach to catalytic 
pyrolysis of waste plastics has been recommended as a pre-
ferred option [27–29] since advantages include;
• Interaction of the pyrolysis gases and catalyst improves 
the contact between pyrolysis products and the catalyst 
in the subsequent catalytic stage and minimises mass and 
heat transfer problems.
• The process is more controllable e.g. the temperature of 
each stage can be easily and independently controlled.
• Catalysts enable a lower reforming temperature, thereby 
reducing sintering effects.
• It is particularly suited to mixed plastic wastes, where any 
residues and dirt associated with the plastics remains in 
the pyrolysis unit.
• Two-stage reaction systems enable the reacted catalysts 
to be recovered, recycled and reused.
Using a two-stage reactor system, the wide range of 
hydrocarbon products derived from the pyrolysis of the 
waste plastics pass directly to the second stage and interact 
with the catalyst. For example, the hydrocarbon pyrolysis 
products derived from the waste plastics can be catalyti-
cally steam reformed in the second stage catalytic reactor 
with nickel based catalysts at typical catalyst temperatures 
of ~ 800 °C to produce a hydrogen rich syngas. There has 
also been recent interest in developing a pyrolysis-catalytic 
process to treat waste plastics to produce carbon nanotubes 
as the main targeted product. There is also the potential to 
produce both hydrogen and carbon nanotubes in the same 
two-stage process.
In this paper, the two-stage pyrolysis-catalysis of waste 
plastics is discussed in relation to the different configu-
ration of reactors used and also the influence of process 
parameters and the use and development of different types 
of catalyst to produce hydrogen and/or carbon nanotubes.
Hydrogen Production from Waste Plastics
Hydrogen is a valuable commodity with extensive use in 
petroleum refining, production of ammonia for fertiliser, 
and production of cyclohexane and methanol as feedstock 
for the plastics and pharmaceuticals industries. In addition, 
with concerns related to climate change there is increas-
ing interest in producing higher quantities of hydrogen for 
use as a non-polluting fuel in transport engines and fuel 
cells to support the projected future hydrogen economy 
[30]. Hydrogen is currently produced mostly from fossil 
fuels (96%), the largest source being natural gas (meth-
ane). The process involves steam reforming of methane in 
the presence of nickel-based catalysts at high temperature 
(700–1000 °C) and pressure (0.3–2.5 MPa) to produce 
hydrogen and carbon monoxide. Further reaction of the 
carbon monoxide with steam via the water gas shift reac-
tion produces enhanced hydrogen yields, but also carbon 
dioxide [31]. The water gas shift reaction involves two suc-
cessive processes at high temperature (310–450 °C) with 
iron-based catalysts and low temperature (200–250 °C) 
with copper-based catalysts. The by-product carbon diox-
ide is removed by scrubbing or pressure swing adsorption 
to purify the hydrogen end product. Producing hydrogen 
from waste plastics rather than from fossil fuels such as 
natural gas would offer an alternative feedstock and would 
also solve a major waste treatment problem.
There are several research groups who have mimicked 
the commercial natural gas catalytic steam reforming pro-
cess but using pyrolysis of waste plastics to produce hydro-
carbons which are then steam reformed in the presence of 
a nickel catalyst to produce hydrogen. This involves a two-
stage reactor system. The first stage involves pyrolysis of 
the waste plastics at temperatures of ~ 500 °C which gen-
erate a complex suite of hydrocarbon gases and vapours 
from the thermal degradation of the waste plastics. The 
evolved pyrolysis gases are then passed to a second stage 
catalytic reactor typically heated to ~ 800 °C and in the 
presence of steam for catalytic steam reforming to produce 
hydrogen.
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Reactor Design for Hydrogen Production 
from Waste Plastics
Several different types of reactor have been developed and 
investigated for the two-stage pyrolysis–catalytic steam 
reforming of waste plastics for hydrogen production. The 
two stages of pyrolysis and catalytic steam reforming have 
included several different configurations. For example, 
experimental systems incorporating; fixed bed pyrolysis-
fixed bed reforming batch reactor system, screw kiln pyrol-
ysis-fixed bed reforming, fluidised bed pyrolysis-fluidised 
bed reforming continuous reactor, spouted bed pyrolysis-
fluidised bed reforming etc. The different reactor designs 
have been used to investigate the influence of process 
parameters on the yield of hydrogen, and semi-continu-
ous and continuous reactors have been developed with the 
potential for eventual deployment and commercialisation 
of the technology for higher plastic waste throughputs.
A two-stage fixed bed batch reactor system incorporat-
ing, pyrolysis followed by catalytic steam reforming for 
the production of hydrogen has been used in several stud-
ies to investigate the influence of various catalyst types 
and many process parameters (Fig. 1) [32–37]. The two 
stages process batch samples of the waste plastics and the 
catalytic reactor contains a batch of catalyst in a fixed bed. 
The first stage involves pyrolysis of the waste plastics at 
a fixed heating rate to a final pyrolysis temperature (typi-
cally 500–700 °C). The pyrolysis gases and vapours are 
passed to a second stage catalytic steam reforming reactor 
to produce a hydrogen-rich gas. Product gases are cooled 
in a condenser system to remove condensable hydrocar-
bons from the product gases. For example, the two-stage 
pyrolysis catalytic steam reforming system was used to 
produce hydrogen from polypropylene, polystyrene and 
high density polyethylene, together with a mixture of the 
three plastics and a real-world sample of polyalkene plas-
tics with a Ni–Mg–Al catalyst at 800 °C catalyst tempera-
ture [36].
Development towards a continuous pyrolysis-catalytic 
steam reforming process has been investigated by Park 
et al. [38] and Namioka et al. [39] who used a continuous 
Fig. 1  Two-stage fixed bed 
polypropylene pyrolysis-
catalytic steam reforming 
reactor. Reprinted from [37] via 
Creative Commons Attribution 
License (CC BY)
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feed of plastic into a two-stage reactor system with a first 
stage hot pyrolysis unit followed by a steam reformer unit 
with a packed bed of catalyst (Fig. 2). The plastic material 
was fed continuously via a screw feeder into the stainless 
steel heated pyrolysis reactor maintained at temperatures 
ranging from 380 to 550 °C. Fast pyrolysis of the plastics 
produces volatiles which pass through to the second stage, 
separately heated section of the reactor containing a Ru/γ-
Al2O3 catalyst and with the introduction of steam for cata-
lytic steam reforming. The product gases passed through a 
condenser and scrubber system to clean the product gases. 
They investigated catalyst temperatures which ranged from 
580 to 680 °C [38]. Using this reactor system they investi-
gated catalytic steam reforming of polypropylene [38] and 
polystyrene [39] using the Ru/γ-Al2O3 catalyst. Park et al. 
[38] reported much higher carbon conversions and high 
hydrogen yields were obtained with a Ru content of 5.0 wt% 
compared to a Ru content of 0.5 wt%, typically 3.3–4.5 g 
 H2 per 100 g plastic at the lower Ru content, rising signifi-
cantly to 33.1–36.3 g  H2 per 100 g plastic at the higher Ru 
content. In a later paper, Namioka et al. [39] investigated 
the pyrolysis-catalytic steam reforming of polystyrene using 
the same Ru/γ-Al2O3 catalyst and reactor system. It was also 
suggested that the Ru/γ-Al2O3 catalyst was much more effec-
tive than Ni-based catalysts for producing hydrogen, as the 
reforming temperature was ~ 200 °C lower than tempera-
tures used for hydrocarbon reforming using nickel catalysts 
[38, 39]. He et al. [40] used a similar reactor configuration 
to that used by Namioka et al. [39]. They used a process 
where the plastic (polyethylene) was continuously fed via a 
screw feeder into a heated first stage section of the reactor 
for fast pyrolysis. The resultant pyrolysis gases with steam 
were passed over a fixed catalyst bed of NiO/γ-Al2O3 cata-
lyst supported on a porous ceramic plate for catalytic steam 
reforming. The product gases passed through a cyclone, con-
denser system, filter and dryer to clean the product gases. 
The production of hydrogen was investigated in terms of 
the pyrolysis-catalytic reforming temperature between 700 
and 900 °C.
Using a continuous feed of plastic with continuous 
pyrolysis through a screw kiln reactor followed by a fixed 
bed catalytic steam reforming reactor has been developed 
Fig. 2  Two-stage pyrolysis-catalytic steam reforming of waste plastics. Reprinted from reference [39]. Copyright (2011) with permission from 
Elsevier
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for the production of hydrogen from polypropylene [41]. A 
Ni–Mg–Al catalyst was used and the influence of catalyst 
temperature was investigated. The plastic was fed continu-
ously into a pre-heated zone and then fed via an auger screw 
through the pyrolysis reactor at 500 °C. Any solid char resi-
due exited from the pyrolysis reactor, carried by the screw 
to be deposited in a char hopper. The products of pyroly-
sis were passed to a fixed bed, separately heated, catalytic 
reactor with steam addition for catalytic steam reforming 
of the pyrolysis gases. The product gases were cooled in a 
condenser system and filtered to clean the gases. A com-
mercial Ni/SiO2/Al2O3 catalyst and a prepared Ni–Mg–Al 
catalyst were used. The results showed that as the catalyst 
temperature was increased an increase of hydrogen yield 
from 4.8 g  H2 per 100 g plastic at 600 °C rising to 17.9 g  H2 
per 100 g plastic at 900 °C was found [41]. The hydrogen 
yield was 11.3% of the maximum theoretical hydrogen yield 
at 600 °C rising to 41.6% at 900 °C. The continuous reactor 
produced lower yield than experiments in a fixed bed reac-
tor with a similar Ni–Mg–Al catalyst [32] due possibly to a 
longer residence time in the screw kiln reactor and increased 
secondary charring reactions.
Fully continuous reactors, should ideally include a con-
tinuous feed of waste plastic feedstock into a continuous 
pyrolysis reactor such as a fluidised bed or screw-kiln reac-
tor followed by a continuous catalytic bed enabling efficient 
catalyst reaction and the option of catalyst regeneration. A 
continuous process was developed by Czernik and French, 
[42] who were the first to investigate the pyrolysis-steam 
reforming process, using plastics (polypropylene) as the 
hydrocarbon feedstock for hydrogen production, rather than 
natural gas methane. They used a fluidised bed pyrolysis unit 
maintained at a pyrolysis temperature of 650 °C. The derived 
pyrolysis gases passed through a cyclone to remove any par-
ticulate matter and were fed into a second stage fluidised bed 
catalytic steam reforming reactor using a commercial Ni cat-
alyst (C11-NK) and maintained at a temperature of 850 °C 
(Fig. 3). The product hydrogen-rich gases are passed through 
a cyclone, hot solids filter, condensation system and coa-
lescence filter to clean the gases. Czernik and French [42] 
reported a yield of 34 g  H2 per 100 g polypropylene which 
represented ~ 80% of the maximum theoretical amount of 
hydrogen (42.9 g  H2 per 100 g polypropylene) which could 
be produced if all of the polypropylene was completely con-
verted to  CO2 and  H2. The product volumetric gas composi-
tion consisted of ~ 70 vol%  H2, ~ 16 vol%  CO2, ~ 11 vol% CO 
and lower concentrations of hydrocarbons.
Dou et al. [43] used a variation of the pyrolysis-catalytic 
steam reforming process by using steam gasification rather 
than pyrolysis to produce the hydrocarbons for subsequent 
reforming. They used fluidised bed steam gasification of the 
waste plastics followed by catalytic steam reforming in a 
Fig. 3  Fluidised bed pyrolysis-catalytic steam reforming of plastics. (Reprinted with permission from reference [42]. Copyright (2006) Ameri-
can Chemical Society)
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fluidised bed gasification reactor coupled with a catalysis-
sorption enhanced reactor (Fig. 4). The gasification of the 
waste plastic used steam as the oxidant and the gasification 
took place at temperatures between 810 and 880 °C. The 
product gases from gasification consisted of CO,  H2,  CH4 
and other hydrocarbons and a small quantity of HCl. The 
gases were passed to a second moving bed reactor contain-
ing a NiO/NiAl2O4 catalyst with steam input for catalytic 
steam reforming and also CaO for  CO2 and HCl adsorption 
to produce a hydrogen-rich gas. Off-take from the catalysis-
adsorption reactor enabled catalyst and adsorbent regen-
eration at 900 °C using another moving bed reactor. The 
regenerated catalyst/sorbent was passed via a riser back to 
the catalyst/sorbent feed hopper. The optimum process con-
ditions produced a gas composed of 88.4 vol% hydrogen 
obtained at a fluidised bed pyrolysis temperature of 818 °C 
and a catalyst/sorbent temperature of > 583 °C.
Barbarais et al. [29, 44, 45] have developed a novel 
two-stage continuous reactor system consisting of a 
spouted bed pyrolysis reactor and a fluidised bed catalytic 
reforming reactor to produce hydrogen from waste plastics 
(Fig. 5). The reactor system consists of a vibrating piston 
feeder to deliver the waste plastic to a conical spouted bed 
reactor heated to a typical temperature of 500 °C where 
flash pyrolysis of the plastics takes place in the presence 
of steam. The derived pyrolysis gases are then passed to a 
fluidised bed reactor where catalytic steam reforming takes 
place at a typical temperature of 700 °C to produce hydro-
gen. The conical spouted reactor system contains sand of 
a particular size range and the physical process of the 
spouted bed produces a rapid cyclic movement of the sand 
resulting in high heat transfer rates and intimate contact 
of hot gas and solid plastic. The product gases from the 
process were passed through a filter, condenser system and 
coalescence filter to clean the gases. Barbarias et al. [44] 
investigated the production of hydrogen from high density 
polyethylene in the reactor system with a commercial Ni-
based catalyst. They reported that almost complete conver-
sion of the plastic occurred at a catalytic steam reforming 
temperature of 700 °C. An optimised maximum hydrogen 
yield of 38.1 g  H2 per 100 g plastic was reported. A later 
paper by the same group [29] investigated a range of dif-
ferent plastics and a plastic mixture. They showed that the 
yield of hydrogen was influenced by plastic type with low 
hydrogen yields reported for polyethylene terephthalate 
(18.2 g  H2 per 100 g plastic) and with an associated higher 
catalyst coke formation.
All of the reactors discussed here, using the two-stage, 
waste plastic pyrolysis followed by catalytic steam reforming 
have been at the laboratory scale involving gram quantities 
of plastics processed in each experiment. Many studies have 
been performed in a fixed bed pyrolysis and fixed bed cata-
lytic steam reforming system with typically 1.0 g quantities 
of plastic used [e.g. 33, 40]. While fixed bed reactors have 
a simple design, are easy to operate and are of low cost, 
they have disadvantages of poor heat transfer rates and low 
gas–solid contact [46], which is particularly problematic at 
larger scale. They are also difficult to scale-up because of 
the higher manpower required for operation in relation to the 
tonnages of plastic waste throughput of the plant, resulting 
in higher operational costs and lower cost effectiveness [24].
A key aspect of the development of the process is there-
fore to move to continuous operation. Laboratory scale semi-
continuous reactors have been developed. For example, a 
screw auger pyrolysis reactor fed continuously with waste 
plastics followed by a fixed bed reactor for catalytic steam 
reforming, where hydrogen yields of 18 g  H2 per 100 g 
plastic were reported [41]. A continuous two-stage reac-
tor system with a first stage pyrolysis unit followed by a 
steam reformer unit with a packed bed of catalyst has been 
Fig. 4  Fluidised bed gasification of waste plastics coupled with cata-
lytic steam reforming with sorption enhancement. Reprinted from ref-
erence [43]. Copyright (2016) with permission from Elsevier
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developed with reported hydrogen yields of ~ 36 g  H2 per 
100 g plastic [38].
Fully continuous reactors have been developed and with 
noticeably high yields of hydrogen reported. For example, 
Czernik and French [42] used a fluidised bed pyrolysis reac-
tor fed continuously with plastic waste via a screw feeder 
followed by catalytic steam reforming in a fluidised bed 
reactor and reported hydrogen yields of ~ 37 g  H2 per 100 g 
of plastic. A fully continuous spouted bed pyrolysis-fluidised 
bed catalytic steam reforming reactor system with through-
puts of plastic up to 5 g h−1 produced ~ 37 g  H2 per 100 g 
of plastic [29, 44, 45]. A further advantage of this reactor 
configuration was the significantly lower formation of cata-
lyst coke in the catalytic steam reforming reactor compared 
to using a fixed bed of catalyst [44]. The technology has 
been scaled-up to 25 kg h−1 throughput but for processing 
biomass rather than waste plastics [47].
Influence of Process Conditions on Hydrogen 
Production from Waste Plastics
The influence of process conditions for the pyrolysis-cat-
alytic steam reforming of plastics has been researched in 
relation to a range of process conditions, including different 
types of catalyst, different types of plastic, catalysts tem-
perature, steam input, catalyst:plastic ratio etc. In addition, 
operational parameters to maximise hydrogen production 
should also consider catalyst deactivation by carbonaceous 
coke deposits or catalyst sintering.
Influence of Plastic Type on Hydrogen Yield
The influence of plastic type in terms of hydrogen produc-
tion is significant between the linear and branched hydro-
carbon plastics, that is, polyethylene and polypropylene 
compared to the more complex hydrocarbon plastics, poly-
styrene, polyvinyl chloride and polyethylene terephthalate. 
As discussed earlier, the pyrolysis of the main plastic types 
found in municipal solid waste yields different decomposi-
tion products. Pyrolysis of polyethylene and polypropylene 
will yield linear and branched long and short chain alkanes 
and alkenes, polystyrene yields largely styrene and styrene 
oligomers, polyvinyl chloride yields HCl and aromatic 
compounds and polyethylene terephthalate yields benzoic 
acid and other oxygenated compounds CO and  CO2 and a 
significant solid residue. Therefore, these different volatile 
compositions will lead to a different product slate during 
the catalytic steam reforming process and consequently 
greatly influence the product hydrogen yield. For example, 
Barbarias et al. [29] investigated hydrogen production from 
the pyrolysis-catalytic steam reforming of various plastics 
and reported a hydrogen yield in terms of plastic feedstock 
of 37.3 g  H2 per 100 g for polyethylene, 34.8 g  H2 per 100 g 
Fig. 5  Continuous two-stage 
spouted bed pyrolysis reactor 
with fluidised bed catalytic 
reforming reactor. Reprinted 
from reference [44]. Copyright 
(2016) with permission from 
Elsevier
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for polypropylene, 29.1 g  H2 per 100 g for polystyrene and 
18.2 g  H2 per 100 g for polyethylene terephthalate. Also 
reflecting hydrogen yield from different types of plastic, 
hydrogen yields of 26.6 and 26.0 g  H2 per 100 g plastic 
were obtained for polypropylene and high density polyeth-
ylene, but for polystyrene plastic,  H2 yield was only 18.5 g 
 H2 per 100 g plastic [36]. However, Namioka et al. [39] 
reported little difference in gas and hydrogen production for 
polystyrene compared to polypropylene for a catalyst steam 
reforming temperature of 630 °C. Hydrogen yields were 
26.2 g  H2 per 100 g polystyrene plastic at 580 °C catalyst 
reforming temperature, rising to 33.3 g  H2 per 100 g plastic 
at 630 °C catalyst temperature, a similar range of hydrogen 
yields compared to that of polypropylene. They suggested 
that the particular Ru/γ-Al2O3 catalyst used at the reforming 
temperature of 630 °C was highly active and was enough 
to minimise any differences in the rates of catalytic steam 
reforming of the pyrolysis gases produced from polypropyl-
ene and polystyrene.
The two-stage pyrolysis-catalytic steam reforming pro-
cess has been investigated for several types of plastic and 
the polyolefin plastics, polyethylene and polypropylene have 
been shown to produce the highest hydrogen yields since 
they readily thermally degrade to produce alkane and alkene 
gases which are easily reformed in the second stage reactor. 
Other plastics such as polystyrene and polyvinyl chloride 
thermally degrade to produce aromatic compounds, which 
are less easy to reform and polyethylene terephthalate which 
forms significant quantities of CO and  CO2, resulting overall 
in lower yields of hydrogen for these plastics.
In addition, a key issue for the development of the 
pyrolysis-catalytic steam reforming process for hydrogen 
production is the heterogeneous nature of the waste plastic 
feedstock. Here, the two stage process has advantages since 
any dirt, glass, metals or other contaminants in the waste 
plastics are retained in the pyrolysis step as the char/ash 
residue. However, contamination of the waste plastics by 
minor plastics can have major influence on the process. For 
example, polyamides and polyurethanes can generate HCN 
from pyrolysis. However, Kumagai et al. [48, 49] have used 
a two-stage, fixed bed pyrolysis–catalytic reactor system 
with Ni/Mg/Al catalysts to produce a hydrogen-rich product 
gas from polyamide and polyurethane, but also the catalyst 
was reported to remove hydrogen cyanide from the syngas. 
Polyvinyl chloride generates hydrogen chloride gas but 
may be effectively removed using calcium oxide absorption 
[43]. Dou [43] used a two-stage, fluidised bed gasification 
reactor coupled with a catalysis-sorption enhanced reactor 
with CaO to produce a hydrogen-rich gas with minimised 
HCl content. Also some plastic products may also contain 
fire-retardant brominated compounds which may release 
hydrogen bromide and brominated hydrocarbons during the 
pyrolysis process. A water/alkali dual scrubber system has 
been investigated for the removal of HBr from the fluidised 
bed pyrolysis-catalysis of brominated waste plastics [50]. 
Such gas-phase components may influence the catalyst activ-
ity or process integrity. For example, the presence of HCl 
from polyvinyl chloride pyrolysis has been shown to reduce 
catalyst activity for catalytic steam reforming and thereby 
reduced hydrogen yield [51].
Using plastics as the feedstock for catalytic steam reform-
ing has implications for the formation of carbonaceous 
coke on the catalyst and deactivating the catalyst by block-
ing access of the reactant gases to the active metal sites of 
the catalyst. The high volatile content of plastics produces 
light alkene hydrocarbons during pyrolysis which readily 
polymerise to produce aromatic hydrocarbons, polycyclic 
aromatic hydrocarbons leading to the formation of carbon 
which deposits on the catalyst. Pyrolysis of aromatic based 
plastics such as polystyrene will generate aromatic and poly-
cyclic aromatic hydrocarbons, again producing catalyst coke.
Influence of Catalyst Type on Hydrogen Production
For the commercial production of hydrogen from the cata-
lytic steam reforming of natural gas, the most common cata-
lysts used are nickel-based. Therefore, nickel-based catalysts 
have been the most extensively investigated for hydrogen 
production from waste plastics via the pyrolysis-catalytic 
steam reforming process. However, there has been research 
into other types of transition metal-based catalysts and for 
the addition of metal promoters to the nickel to enhance 
hydrogen yield. For example, ruthenium catalysts have been 
reported to show higher catalytic activity towards catalytic 
steam reforming of methane compared to nickel-based cata-
lysts [52] and they have been investigated for the production 
of hydrogen from waste plastics [38, 39].
Addition of Mg to nickel-based catalysts has been 
reported to replace the Ni in the catalyst structure result-
ing in improved physical strength of the catalyst [32, 53, 
54]. However, addition of Mg showed no major increase 
in hydrogen production although lower carbon deposition 
on the catalyst was reported. Addition of Cu to nickel cata-
lysts has been reported to enhance catalytic activity for the 
catalytic steam reforming of methane [55, 56], but addition 
of Cu to a Ni–Al catalyst produced reduced hydrogen for-
mation suggesting that Cu is not a suitable metal promoter 
for waste plastic feedstocks. Investigation of the prepara-
tion conditions of the catalyst also influenced the catalytic 
activity of the catalyst, with high calcination tempera-
ture (850 °C) resulting in lower catalyst surface area and 
reduced  H2 yield. The introduction of cerium into nickel 
based catalysts has been suggested as a means to reduce 
the formation of carbonaceous coke on the catalyst [57]. 
However, for the pyrolysis-catalytic steam reforming of 
polypropylene, although hydrogen yield was increased, no 
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significant improvement in coke deposition on the catalyst 
was reported for a Ni-Ce-ZSM-5 catalyst [34].
The support material of the catalyst may also affect 
hydrogen yield, influencing the distribution of the metal 
catalyst particles throughout the surface and pores of the 
support and also the metal-support interactions which 
influence coke formation on the catalyst, all factors which 
will influence hydrogen yield. A range of different nickel 
based catalysts with different metal promoters (Mg, Ce) 
and different catalyst support materials  (Al2O3, MgO, 
 CeO2, ZSM-5) was investigated for the pyrolysis-catalytic 
steam reforming of polypropylene [35]. The type of sup-
port material for the nickel catalyst had a major influence 
on the theoretical  H2 production, varying from 8 to ~ 50% 
of the theoretical maximum hydrogen yield from polypro-
pylene (42.9 g  H2 per 100 g polypropylene) with Ni–MgO 
producing the lowest theoretical hydrogen production and 
Ni–Al the highest.
Yao et al. [37] investigated the influence of support mate-
rial for Ni-based catalyst for hydrogen production from pol-
yethylene with different types of zeolite support (ZSM-5, 
β-type and Y-type) using a two-stage, pyrolysis-catalytic 
steam reforming fixed bed reactor system. The zeolites had 
different structures, Si:Al ratios, and different surface areas 
and porosity characteristics. Zeolites are crystalline, alu-
mina-silicates with an open structure consisting of  AlO4 and 
 SiO4 tetrahedral crystal structure with a defined microporous 
structure and surface acidity related to the ratio of Si:Al. The 
substitution of aluminium in the zeolite structure lowers the 
Si:Al ratio, increases the relative surface aluminium concen-
tration, alters the surface chemistry and thereby increases 
surface acidity [58]. Introduction of nickel to zeolites was 
suggested to enhance catalytic activity for hydrogen produc-
tion via the development of well dispersed nickel particles in 
the micro-pores of the zeolite. The pore size of zeolite cata-
lysts controls the molecular size of the hydrocarbon products 
from pyrolysis of the waste plastics from entering the pore 
structure for catalytic cracking and reformation reactions to 
take place. The larger molecular weight pyrolysis products 
produced from waste plastics pyrolysis would need to first 
decompose to lighter, smaller hydrocarbon products on the 
surface of the catalyst before they could enter the small pore 
size of the zeolite catalyst. Yao et al. [37] reported that the 
ZSM-5 catalyst produced the highest hydrogen yield but the 
narrower pores of the Y-type zeolite produced less hydrogen 
and were more susceptible to catalyst coking and thereby 
catalyst deactivation. The influence of Si:Al ratio showed 
that lower Si:Al ratio reflecting higher surface acidity which 
promotes catalytic cracking of hydrocarbons and produced 
increased yield of hydrogen. They also reported that higher 
Ni/ZSM-5 catalyst temperature (850 °C) and higher steam 
inputs produced higher hydrogen yields, with the maximum 
at 13.3 g  H2 per 100 g plastic.
The production of hydrogen from waste plastics via the 
two-stage, pyrolysis-catalytic steam reforming process 
requires careful selection of the catalyst to produce enhanced 
hydrogen yields. Consideration should also be given to the 
lifetime of the catalysts, rate of deactivation of the catalyst 
and catalyst regeneration. Therefore, strategies for regenerat-
ing the catalyst by coke removal should be part of the reactor 
design process.
Influence of Catalyst Temperature on Hydrogen 
Production
The influence of catalyst temperature on the production of 
hydrogen from waste plastics has been investigated by sev-
eral researchers [33, 59]. Increasing the catalyst temperature 
from 600 to 900 °C resulted in a marked increase in the 
theoretical maximum hydrogen potential for the pyrolysis-
reforming of polypropylene with a Ni–CeO2–Al2O3 catalyst 
[59]. The hydrogen production was increased from 5.7 g  H2 
per 100 g plastic at 600 °C to 22.3 g  H2 per 100 g plastic at 
900 °C, producing a product gas with a composition of 66 
vol%  H2, 28 vol% CO, 5 vol%  CO2 and lower concentrations 
of hydrocarbon gases. At the lower catalyst temperatures, 
there was incomplete reforming of the pyrolysis gases result-
ing in a low gas yield of only ~ 50 wt% at 600 °C. Using a 
different catalyst (Ni-CeO2-ZSM-5), Wu and Williams [33] 
also investigated the influence of catalyst temperature for 
the pyrolysis-catalytic steam reforming of polypropylene at 
catalyst temperatures of 600 to 900 °C. Again, at the lower 
temperatures, incomplete hydrocarbon reforming occurred 
resulting in low gas yields. Additionally, the hydrogen yield 
from polypropylene was 11.6 g  H2 per 100 g plastic at a cata-
lyst temperature of 600 °C, but increased markedly to 26.2 g 
 H2 per 100 g plastic at a catalyst temperature of 900 °C. 
The influence of catalyst temperature for the two-stage, fixed 
bed pyrolysis-catalytic steam reforming of real-world plas-
tic waste derived from municipal solid waste was reported 
over a catalyst temperature range of 600 to 900 °C using a 
Ni–Mg–Al catalyst [60]. Total product gas yield was more 
than doubled as the temperature of the catalyst was raised 
from 600 to 900 °C and coke formation on the catalyst was 
reduced. Hydrogen yield increase from 12.0 g  H2 per 100 g 
plastic at 600 °C to 25.5 g  H2 per 100 g plastic at 900 °C.
Barbarias et al. [44] investigated catalytic steam reform-
ing temperature for the two-stage, pyrolysis- catalytic steam 
reforming of high density polyethylene. The pyrolysis step 
was at 500 °C and took place in a spouted bed reactor and 
the catalytic steam reforming was investigated at tempera-
tures of 600, 650 and 700 °C and took place in a fluidised 
bed reactor. They reported an increase in plastic conver-
sion with increasing catalyst reforming temperature due to 
favourable reforming reaction kinetics with almost com-
plete conversion of the plastic (98%) at 700 °C producing a 
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maximum hydrogen yield of 37.3 g  H2 per 100 g of plastic 
at 700 °C. They also reported an increase in CO yield with 
increasing catalytic reforming temperature. He et al. [40] 
also reported a marked increase in gas yield with increasing 
reforming temperature with a significant increase in syngas 
 (H2 and CO) and hydrogen yield. For example, carbon con-
version was 86.54 wt% at 900 °C, producing a gas composed 
of mainly  H2 and CO with lower concentrations of  CO2, 
 CH4 and  C2 hydrocarbons. The influence of steam was in 
promoting the water gas shift reaction and steam reforming 
of hydrocarbon reactions, thereby increasing  H2 and  CO2 
content and decreasing CO,  CH4 and  C2 hydrocarbons. The 
influence of temperature promoting char-steam reactions and 
tar decomposition producing increased total gas yield. Park 
et al. [38] investigated the pyrolysis-catalytic steam reform-
ing of polypropylene in relation to the process parameters of 
pyrolysis temperature from 380 to 550 °C and catalyst steam 
reforming temperature from 580 to 680 °C. They reported 
that higher temperatures led to higher carbon conversion, 
but increased carbonaceous coke deposits on the catalyst. 
Using a Ni/ZSM-5 catalyst in a two stage, fixed bed pyroly-
sis catalytic steam reforming reactor system Yao et al. [37] 
investigated hydrogen production from waste polyethylene 
at catalyst temperatures between 650 and 850 °C. Hydrogen 
yield was found to increase from 8.8 g  H2 per 100 g plastic 
at a catalyst temperature of 650 °C to 13.3 g  H2 per 100 g 
plastic at a catalyst temperature of 850 °C.
Other Factors Influencing Hydrogen Production 
from Waste Plastics
Increasing the catalyst:plastic ratio has shown a rise in 
the conversion of plastic to hydrogen, with an increase in 
catalyst:plastic ratio from 0.25 to 2.0 producing an increase 
in hydrogen yield from 19.3 to 26.2 g  H2 per 100 g plastic 
for the catalytic reforming of polypropylene with a Ni-CeO2-
Al2O3 catalyst [59]. However, with an Ni–Mg–Al catalyst 
the influence of catalyst:plastic ratio for the pyrolysis-cata-
lytic steam reforming of municipal solid waste derived plas-
tic showed little influence of catalyst:plastic ratio [60]. It was 
reported that as the catalyst:plastic ratio was increased from 
0.5 to 2.0 the production of  H2 was maintained at ~ 25 g  H2 
per 100 g plastic.
The input of steam (water input flow rate) has also been 
shown to influence hydrogen production due to the promo-
tion of the steam reforming reaction [33]. Pyrolysis-catalytic 
steam reforming of polypropylene with a Ni-ZSM-5 catalyst 
increased the yield of gas and also increased the theoreti-
cal maximum  H2 yield from 34 to 59% with an increase in 
steam input rate. At high steam inputs, the yield of hydrogen 
decreased. An optimum steam:carbon ratio is required to 
maximise hydrogen yield, such that at higher steam inputs, 
the yield of hydrogen decreases due to saturation of the 
catalyst [61]. The influence of water (steam) input rate for 
the pyrolysis-catalytic steam reforming of municipal solid 
waste derived plastic with an Ni–Mg–Al catalyst showed an 
increase from 19.0 to 33.4 g  H2 per 100 g plastic [60].
Catalyst Deactivation
Catalyst deactivation can be caused by carbonaceous coke 
formation on the catalyst thereby preventing access of the 
pyrolysis gases to the active metal sites. Deactivation may 
also be caused by poisoning of the catalyst by trace compo-
nents such as sulphur which chemisorb into the active metal 
producing a non-active layer. Sintering of the catalyst metal 
particles may also occur which produces agglomeration of 
the metals to larger particles and lowering the availability 
of the active metal sites to interact with the pyrolysis gases. 
Argyle and Bartholomew [62] have undertaken a compre-
hensive review of the literature related to deactivation of 
heterogeneous catalysts. A key issue with catalytic steam 
reforming of a range of hydrocarbons is the formation of 
coke on the catalyst which leads to deactivation [63, 64]. 
There have been a number of studies attempting to develop 
catalysts which avoid coke formation with the aim to main-
tain catalyst activity [65–67]. During the catalytic steam 
reforming process two types of carbon have been recognised, 
amorphous encapsulating carbons and filamentous type car-
bons [67–70]. The amorphous encapsulating carbons cover 
the active nickel particles leading to catalyst deactivation 
[71]. However, the amorphous nature of such carbons leads 
to easier oxidisation than the less reactive graphitic filamen-
tous carbons [67, 68, 70]. Filamentous carbons may cause 
parts of the catalyst to fragment [68, 72].
Thermogravimetric analysis with temperature pro-
grammed oxidation of used catalysts from catalytic steam 
reforming have shown two peaks of mass loss which is 
linked to the different types of carbon deposited on the 
catalyst. Mass loss at low temperature (~ 400–550 °C) is 
attributed to oxidation of the amorphous carbons and higher 
temperature (550–700 °C) mass loss is due to oxidation of 
the filamentous carbons [68]. The amount and type of carbon 
formed on the catalyst has also been reported to link with the 
type of feedstock used in the process to produce hydrogen. 
Sehested, [69] has reported that feedstocks for the catalytic 
steam reforming of heavy hydrocarbons with a high con-
tent of aromatic compounds produce encapsulating carbons 
which deactivate the catalyst. Also Yung et al. [72], showed 
that aromatic compounds produce most carbons, followed 
by alkenes and alkanes.
Coke formation on the catalyst and the type of carbon 
deposited is reported to be influenced by the type of plastic 
since the pyrolysis products involved in the catalytic steam 
reforming reactions will vary depending on the type of 
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plastic [68]. For a Ni–Mg–Al catalyst it was reported that 
polystyrene generated amorphous type carbons which encap-
sulated the nickel particles which resulted in deactivation of 
the catalyst and consequently lower  H2 yields. Whereas high 
density polyethylene and polypropylene produced a filamen-
tous, more graphitic type of carbon which grows away from 
the catalyst surface and therefore has less of a deactivation 
effect on the catalytic metal particles. The pyrolysis of poly-
styrene produces a product slate which is mainly aromatic 
which enters the catalytic steam reforming unit and gener-
ates a more amorphous type carbon on the catalyst surface 
during reaction. However, the linear and branched alkene 
polymers, polypropylene and polyethylene produce an ali-
phatic product slate which generates mainly filamentous type 
carbons during catalytic steam reforming. Barbarias et al. 
[29], for the two-stage pyrolysis catalytic steam reforming of 
various plastics, also reported a significantly higher catalyst 
coke deposition for polystyrene (~ 20 wt% on the catalyst) 
compared to polyethylene and polypropylene (6.2 wt% and 
6.7 wt% on the catalyst respectively). Polyethylene tereph-
thalate gave a slighter higher catalyst coke deposition (8.3 
wt%).
The type of catalyst support also influences the tendency 
for a catalyst to form coke, since different supports may have 
different surface areas, porosities and metal-support inter-
action. A range of nickel catalysts prepared with different 
supports have been investigated for the two-stage pyroly-
sis-catalytic steam reforming of polypropylene [35]. The 
Ni–MgO, Ni–Al2O3 and Ni–CeO2 catalysts showed the larg-
est amounts of carbon deposition. However, the Ni/Al2O3 
and Ni/CeO2 catalysts activities remained high in terms of 
hydrogen production, since the carbons were the filamentous 
type which showed less catalyst deactivation.
The mechanism of coke formation on the catalyst during 
the pyrolysis-catalytic steam reforming of polypropylene 
with a Ni–Mg–Al2O3 catalyst has been proposed based on 
identification of amorphous and filamentous carbons using 
temperature programmed oxidation and electron micros-
copy [68]. Initially decomposition/reforming reactions of 
the hydrocarbons produced from pyrolysis occurs on the sur-
face and inside the catalyst which may result in cracking of 
the catalyst particles and surface break-up. Further reaction 
between the pyrolysis hydrocarbons and the nickel catalyst 
results in the formation of non-stoichiometric metal carbides 
and/or reactive amorphous type carbons which act as a tran-
sition layer for filamentous carbon formation. As hydrocar-
bon reforming progresses the carbons may further dissolve 
and diffuse into the nickel particles which is a precursor 
to the growth of filamentous carbons [71]. Subsequently, 
the less reactive filamentous carbons develop on top of the 
amorphous carbons.
Sintering of the catalyst where the metal particles of the 
catalyst agglomerate and increase in size, and thereby can 
influence catalytic activity and coke formation on the cata-
lyst [69]. Sintering of the catalyst particles can occur due 
to, particle migration where the metal atoms diffuse from 
one side of the particle to the other and the metal particle 
migrates across the support then coalesce to form larger par-
ticles. Sintering may also occur via Otswald ripening where 
metal species are emitted from the particle into the support 
or gas phase followed by sorption onto another metal parti-
cle causing metal particle growth.
The review of process parameters for the pyrolysis-cat-
alytic steam reforming of waste plastics clearly influence 
hydrogen yield. For example, higher pyrolysis temperature 
results in higher thermal degradation of the plastic poly-
mer producing high hydrocarbon gas yields for increased 
catalytic steam reforming. Higher catalytic reforming tem-
peratures favour increased yields of hydrogen, although at 
high temperatures (e.g. 900 °C) catalyst metal particle sin-
tering may occur reducing catalyst activity and consequently 
reducing hydrogen yield. Similarly, increased steam input to 
the catalytic reforming step increases hydrogen yield, but at 
higher inputs, the hydrogen yield drops due to catalyst satu-
ration. Therefore, an optimum steam:carbon ratio is required 
to maximise hydrogen yield.
In addition to the two-stage pyrolysis-catalytic steam 
reforming of waste plastics for the production of hydrogen, 
other thermal processes have been investigated for plastics 
conversion to hydrogen. In particular, the steam gasifica-
tion of waste plastics has been investigated and shown to 
produce hydrogen yields of between 3 and 18 g  H2 per 
100 g of plastic [28]. The presence of steam in the gasi-
fication environment promoting steam reforming reactions 
and water gas shift to produce a hydrogen-rich,  H2/CO syn-
gas. For example, Wilk and Hofbauer [73] investigated the 
steam gasification of polyethylene and polypropylene and 
mixtures with other plastics in a dual fluidised bed reactor 
steam. Erkiaga et al. [74] used a spouted bed steam gasifica-
tion process for the production of hydrogen-rich gas from 
the steam gasification of high density polyethylene. High 
temperatures (850–900 °C) of steam gasification favouring 
higher hydrogen yields. However, a major disadvantage of 
the steam gasification of plastics process is the significantly 
higher formation of tar [28]. Tar is a complex mixture of 
condensable hydrocarbons with a wide range of molecu-
lar weights. The formation of tar in the product gas causes 
major in-process and syngas end-use problems, including 
tar blockages in process pipelines, plugging and corrosion in 
downstream fuel lines, filters, engine nozzles and turbines. 
Tar formation is particularly prevalent for steam gasifica-
tion of waste plastics due to the highly volatile character-
istics of plastics. Lighter hydrocarbons produced from the 
pyrolysis of polyethylene and polypropylene and aromatic 
volatiles produced from polystyrene, polyvinyl chloride and 
polyethylene terephthalate are directly linked to primary 
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and secondary tar formation mechanisms [28]. On the other 
hand, the hydrogen-rich product gas produced from two-
stage, pyrolysis-catalytic steam reforming of waste plastics 
produces a product gas that contains no tar. The tars being 
reformed in the catalytic steam reforming reactor at tempera-
tures of ~ 800 °C to produced enhanced yields of hydrogen 
and carbon monoxide. In addition, the yields of hydrogen 
from the two-stage, pyrolysis-catalytic steam reforming of 
waste plastics are markedly higher compared with yields 
produced from steam gasification. For example Park et al. 
[38], 36.5 g  H2 per 100 g plastic, Barbarias et al. [44] 37.3 g 
 H2 per 100 g plastic and Czernik and French [42] 37 g  H2 
per 100 g plastic have been reported.
Carbon Nanotubes from Waste Plastics
Carbon nanotubes (CNTs) have attracted a great deal of 
interest due to their unique characteristics and their sug-
gested potential use in a wide variety of applications [75]. 
Carbon nanotubes are cylindrical hollow tubes composed 
of carbon with nano-sized diameters (0.1–100 nm) and long 
length (> 100 µm). The nanotubes may be single-walled or 
multi-walled. Carbon nanotubes are physically and chemi-
cally stable, with high electrical conductivity and tensile 
strength more than 100 times that of stainless steel [76]. The 
applications of carbon nanotubes are extensive and include 
their use in; composite plastic materials as electrically con-
ductive fillers or for increasing composite strength; conduc-
tive paints and coatings; use in transistors for microelectron-
ics and for semiconductors; energy storage; environmental 
applications; and for biosensors and medical devices [75, 
77–83].
Carbon nanotubes are mainly produced through the pro-
cess of chemical vapour deposition (CVD), but arc discharge 
production and laser ablation have also been used [84]. Arc 
discharge involves electrical arc discharge between two car-
bon electrodes generates carbon nanotubes on the negative 
electrode. Introduction of a catalyst to the electrode encour-
ages growth of single walled nanotubes. Laser ablation 
involves high temperatures (1200 °C) and carbon vaporisa-
tion. Chemical vapour deposition involves carbon rich gases 
which interact with catalysts at between 600 and 1200 °C 
and form carbon nanotubes on the catalyst surface [85].
Kumar [86] has reviewed the formation mechanism 
of carbon nanotubes on the catalyst via chemical vapour 
deposition. The hydrocarbon precursor decomposes on the 
metal nanoparticles to liberate hydrogen and carbon which 
dissolves into the metal then diffuses through the particle. 
Where there is weak interaction between metal and the cata-
lyst support, the carbon in the form of carbon nanotubes pre-
cipitate out and lift the metal from the surface. The carbon 
nanotubes grow and lift the metal on the tip of the carbon 
nanotube, and the process is known as tip growth mecha-
nism. However, if there is strong metal particle-support 
interaction, the precipitate of carbon cannot lift the particle 
and instead precipitation takes place on the upper metal par-
ticle surface. Growth of the carbon nanotube, is then away 
from the metal particle on the surface and is known as base 
growth mechanism.
A range of different carbon sources for the production of 
CNTs has been investigated, including methane [87, 88], 
coal [89] and aromatic hydrocarbons including benzene, 
toluene and xylene [90–92] and biomass such as coconut 
oil [93] and animal fat [94]. Typical catalysts include the use 
of nano-particle sized transition metals such as nickel, iron 
and cobalt and organo-metallic catalysts such as ferrocene 
[86, 90, 95, 96].
The interest in producing carbon nanotubes form alterna-
tive hydrocarbon sources has stimulated research into the use 
of waste plastics as the feedstock, since pyrolysis of waste 
plastics produces a hydrocarbon rich suite of compounds 
which could be used as the carbon precursor for the carbon 
nanotube production. The production of carbon nanotubes 
from waste plastics will be more complicated than that using 
pure hydrocarbons. The pyrolysis of waste plastics will pro-
duce a wide range of aliphatic and aromatic hydrocarbon 
gases, polymer fragments and large molecular weight spe-
cies, particularly when mixed plastics are used as the feed-
stock. The formation mechanism for carbon nanotube growth 
with mixed plastics will also be difficult to determine. The 
use of waste plastics for the production of carbon nano-
tubes has been investigated by numerous research groups 
[97–100]. Barzagan and McKay [76] have reviewed the 
production of carbon nanotubes from waste plastics, high-
lighting a range of different catalytic and thermal processes.
Reactor Design for Carbon Nanotube 
Production from Waste Plastics
Investigations into the production of carbon nanotubes pro-
duced from waste plastics based on the two-stage pyrolysis-
catalyst reactor design have developed from single-stage 
reactors where the plastics pyrolysis and catalysis are com-
bined in one reactor to the use of two separate steps of pyrol-
ysis and catalysis, but in the same heated reactor. However, 
further development to two independently heated and con-
trolled pyrolysis and catalyst reactors enables better control 
of both the pyrolysis stage and chemical vapour deposition 
catalyst stage. More advanced systems have an intermedi-
ate step between the pyrolysis and catalysis stages where 
product pyrolysis oils are condensed, thereby producing a 
simpler hydrocarbon stream for chemical vapour deposition. 
Further advancements are towards continuous processes for 
the production of higher quantities of carbon nanotubes.
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Single stage reactors have been used to produce carbon 
nanotubes from waste plastics. For example, Kong and 
Zhang [101] used an autoclave reactor to pyrolyse polyeth-
ylene with organometallic ferrocene in polypropylene to aid 
dispersion of the iron. The autoclave was heated up to a 
temperature of 700 °C with a dwell time of 12 h at 700 °C. 
The product carbon consisted of > 80% carbon nanotubes 
with diameters between 20 and 60 nm. They reported that 
carbon nanotubes with diameters of 20–60 nm produced 
with a yield of more than 80%, and also produced were ~ 5% 
helically shaped carbon nanotubes. Later research with poly-
propylene as the plastic feedstock and nickel as the catalyst 
found that the carbon nanotubes produced had much larger 
diameters at 160 nm with thick multiwalls [102]. In the 
absence of the nickel catalyst, carbon spheres were formed 
instead of carbon nanotubes, suggesting the key requirement 
is the need for a catalyst in carbon nanotube production. 
Arena et al. [99] used a bubbling fluidised bed pyrolysis 
reactor and polypropylene to investigate the production of 
carbon nanotubes with pyrolysis temperatures between 450 
and 850 °C and a bed material of quartz or alumina. The 
plastic was fed continuously to the fluidised bed pyrolysis 
reactor with nitrogen as the fluidising gas, and held at tem-
peratures between 450 and 50 °C. The solid phase consisting 
of the quartz sand and carbon nanotubes was continuously 
withdrawn from the bed. The product carbon nanotubes were 
multi-walled with diameters of 15–40 nm. However, such 
single stage reactors do not have the precise process control 
that is found with the two-stage, independently heated and 
controlled process conditions that are found with the two-
stage reactor systems, whether batch or continuous.
In early work, Kukovitskii et al. [97] investigated the use 
of polyethylene as a feedstock for the production of car-
bon nanotubes using a two-step pyrolysis process followed 
by nickel plate catalysts placed in a quartz tube reactor at 
420–450 °C. The product carbon nanotubes were 10–20 nm 
in diameter and were of poor quality containing defects and 
carbon nano-fibres. Later research at higher nickel catalyst 
temperatures of 700–800 °C improved the quantity and qual-
ity of the carbon nanotubes [103, 104]. A combined, fixed 
bed, batch pyrolysis-catalytic reactor system was used by 
Mishra et al. [100] who used waste polypropylene with a 
nickel catalyst in a pyrolysis reactor heated to between 600 
and 800 °C. The polypropylene and catalyst were placed in 
series in separate quartz boats in the reactor and the inlet 
gas was a mixture of hydrogen and argon. The tempera-
tures investigated were 600, 700 and 800 °C. Multi-walled 
carbon nanotubes were produced with diameters between 
10 and 25 nm and lengths up to 100 µm. The increase in 
pyrolysis temperature was found to improve the quality of 
the product carbon nanotubes, reducing the extent of metal 
impurities and irregularity of the carbon nanotubes. A batch 
combined reactor system was also used by Yen et al. [105] 
to form carbon nanotubes, but the pyrolysis and catalyst sec-
tions were fluidised. The plastic waste in the form of either 
polycarbosilane or polyethylene was heated and fluidised at 
temperatures between 800 and 950 °C followed by a sepa-
rately heated fluidised section containing a Fe–MgO catalyst 
heated to 700 or 800 °C. The plastic and catalyst beds were 
fluidised by  H2 in argon, with higher input of  H2 produc-
ing more graphitic carbons. The product carbon nanotubes 
produced from both plastics were 15–90 nm diameter and 
greater than 1 µm in length. The carbon nanotubes from 
polycarbosilane as the carbon feedstock were of lower qual-
ity with a lower degree of graphitisation and a wider range 
of diameters compared to those produced from polyethylene.
A two-stage, fixed bed, batch reactor system was used by 
Acomb et al. [106], but the two stages were separate reac-
tors, independently heated and controlled. Such a system 
enables better control of the process conditions in both the 
pyrolysis reactor and the catalytic reactor, including tem-
perature control, pyrolysis gas flow rate, catalytic tempera-
ture control and input gas control such as steam addition. 
Acomb et al. [106] used a two-stage pyrolysis-catalytic 
steam reforming reactor system to investigate the influence 
of catalyst temperature on the yield of carbon nanotubes 
from low density polyethylene with an Fe–Al2O3 catalyst. 
Increasing the catalyst temperature from 700 to 900 °C 
resulted in a higher yield of carbon nanotubes, which was 
attributed to a faster rate of carbon diffusion in the metal 
particles [107]. At 700 °C catalyst temperature, a higher pro-
portion of amorphous carbons were produced and at 900 °C 
less uniformly structured carbon nanotubes were produced.
The desire to enable larger quantities of carbon nanotubes 
to be produced and subsequent commercialisation of the pro-
cess, has stimulated research to advance from batch reactors 
to continuous reactor systems. A continuously fed fluidised 
bed–fixed catalytic bed reactor system was used to produce 
carbon nanotubes from waste plastics by Yang et al. [108]. 
They used a mixture of polyethylene and polypropylene 
as feedstock for production of carbon nanotubes, together 
with hydrogen. The waste plastic was continuously fed to 
the fluidised bed gasifier reactor with sub-stoichiometric air 
and the product gases were filtered and passed to a fixed 
bed, catalyst reactor containing Ni–Al2O3 catalysts where 
the carbon nanotubes were formed (Fig. 6). The catalysts 
were prepared by different processes either calcined in air, 
 N2 or  H2/He. The  Al2O3 catalysts prepared in a  H2 calcina-
tion atmosphere produced nano-sized nickel particles which 
produced the optimal production yield and quality of carbon 
nanotubes. They investigated the influence of catalyst tem-
perature on carbon yield and found that the carbon nanotube 
yield at 600 °C was 20.0%, 24.3% at 680 °C and 30.5% at 
750 °C. However, the highest quality carbon nanotubes were 
produced at 680 °C with a higher degree of graphitisation. 
In a later paper Yang et al. [109] reported on the production 
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of carbon nanotubes and hydrogen in relation to gasifica-
tion temperature (500–700 °C) using the same fluidised bed 
gasification reactor system. They showed that high fluid-
ised bed gasification temperature resulted in higher thermal 
cracking of the plastic waste producing increased production 
of carbon nanotubes and hydrogen. In addition, the carbon 
nanotubes produced were of higher quality with uniform 
diameters and less defects.
The volatile gases arising from the pyrolysis of waste 
plastics are complex with a wide range of molecular weight 
species produced. In addition, where mixed plastics are used 
as the feedstock, the range and complexity of the hydrocar-
bon species produced from pyrolysis will be even greater. 
Such complex mixtures of hydrocarbons are in marked con-
trast to the commercial production of carbon nanotubes, 
where typically only a single hydrocarbon is used. To over-
come this problem, several researchers have introduced 
an intermediate condensation stage between the pyrolysis 
reactor and the catalyst reactor where higher molecular 
weight oils and waxes are condensed. Therefore, the gases 
then entering the catalytic reactor are a simple mixture of 
lower molecular weight hydrocarbons. The process of car-
bon nanotube production is consequently more controllable. 
For example, Veksha et al. [110] investigated the pyrolysis-
catalysis of low density polyethylene, polypropylene, poly-
styrene and polyethylene terephthalate and a plastic mixture 
in a two-stage, horizontal quartz pyrolysis reactor and verti-
cal quartz catalyst reactor system. There was an intermediate 
condenser between the two reactors to remove condensable 
oils. Pyrolysis was at 600 °C (heated from ambient tempera-
ture at 10 °C min−1), the catalyst temperature was fixed at 
either 500 or 800 °C and the catalyst was Ni–CaCO3. At the 
catalyst temperature of 800 °C, the yield of carbon on the 
catalyst was 31% for polypropylene, 33% for low density 
polyethylene and 22% for the mixed plastic, the lower yield 
for the plastic mixture yield was attributed to the presence 
of polyethylene terephthalate. The product carbon consisted 
of a mixture of carbon nanocages and multi-walled carbon 
nanotubes in addition to amorphous and encapsulating car-
bons. Aboul-Enein et al. [87] also reported on the pyroly-
sis of plastic waste (HDPE, LDPE, PP, PET and PS) in a 
two-stage, batch, fixed bed quartz reactor system but with 
an intermediate oil condensation system to minimise the 
complexity of the gases used as the carbon source used to 
produce multi-walled carbon nanotubes. Pyrolysis of the 
plastics was at a temperature of 700 °C and the fixed bed 
of catalyst was at 650 °C where CNTs were produced on a 
Ni–Mo/Al2O3 catalyst. The condenser serves to remove the 
higher molecular weight hydrocarbons in the form of pyroly-
sis oil and the non-condensed lighter hydrocarbons pass to 
the second stage for CNT growth. The total yield of gases 
passing to the catalytic CNT reactor was different depending 
Fig. 6  Fluidised bed-catalytic gasification of waste plastics for car-
bon nanotube production. Legend: (1) computer, (2) TIC, (3) blower, 
(4) flow meter, (5) feeder, (6) thermocouple, (7) sand bed, (8) elec-
tric resistance, (9) U manometer, (10) cyclone, (11) column filter, 
(12) trapping tube, (13) cooler, (14) gas-washing bottles, (15) backup 
absorber, (16) GC/TCD, (17) GC/FID, (18) sampling place, and (19) 
catalysis reactor. Reprinted with permission from reference [108]. 
Copyright (2015) American Chemical Society
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on the type of plastic as, LDPE > PP > HDPE > PET > PS. 
The highest yield of multi-walled CNTs was produced with 
LDPE and PP which was linked to their higher yield of 
hydrocarbon gases. PET and PS produced a low total yield 
of gas and a consequent small yield of CNTs which were 
of poor quality, showing structural defects. In a later paper, 
Aboul-Enein and Awadallah [111] investigated a different 
support material with the catalyst metals, Co–Mo/MgO, 
with polypropylene feedstock. Pyrolysis of the polypropyl-
ene took place at 500 °C in a vertical pyrolysis reactor with 
intermediate condensation of higher hydrocarbons followed 
by the catalyst at temperatures of 700–850 °C. The influence 
of carrier gas flow rate was also reported. They reported 
that at higher catalyst temperatures, agglomeration of metal 
particles took place resulting in increased carbon nanotube 
diameters. Carrier gas flow rate was also shown to influence 
the yield and quality of the product carbon nanotubes. Fur-
ther work [112] used the same pyrolysis-condensation-catal-
ysis reactor system (Fig. 7) with a series of MgO supported 
bimetallic Fe–Mo catalysts for carbon nanotube production 
from polyethylene. They reported that the ratio of Fe:Mo 
in the bimetallic catalysts greatly influenced the growth of 
carbon nanotubes as well as their morphology.
A fully continuous two stage pyrolysis-catalytic reactor 
system including an intermediate oil condensation system 
was developed by Liu et al. [113] for the production of car-
bon nanotubes from polypropylene. The waste plastic poly-
propylene was fed continuously via a screw feeder into a 
first stage pyrolysis reactor in the presence of a zeolite cata-
lyst. The pyrolysis liquid oil products were condensed and 
the gases passed to the second stage consisting of a moving 
bed reactor containing a NiO catalyst (Fig. 8). The product 
filamentous carbons were mostly multi-walled carbon nano-
tubes. The influence of varying the pyrolysis temperature 
(550 °C to 750 °C) showed higher polymer decomposition 
at higher temperature leading to higher pyrolysis gas yield 
and consequent higher carbon nanotube yield. Increasing the 
catalyst temperature (500 °C to 800 °C) led to an improve-
ment in the quality of the product hydrocarbons in terms of 
graphitisation of the carbon nanotube walls. In addition, the 
effect of higher catalyst temperature was to narrow the outer 
diameter range of the carbon nanotubes from 10 to 50 nm 
at 500 °C to 15–25 nm at 800 °C. The yield of carbon nano-
tubes was optimised at a pyrolysis temperature of 650 °C 
and a catalyst temperature of 700 °C at 37 wt% of carbon 
nanotubes from the polypropylene. Borsodi et al. [114] have 
also developed a continuous two-stage pyrolysis-catalysis 
system with an intermediate condensation/distillation col-
umn for the production of carbon nanotubes (Fig. 9) A wide 
range of plastics was investigated, including virgin plastics 
and waste polypropylene, polyethylene and mixed waste 
plastic derived from municipal solid waste. The waste plas-
tics contained significant contamination. The reactor system 
consisted of a heated extruder which fed the plastic materi-
als to a screw kiln pyrolysis reactor (560–570 °C) with a 
downstream packed bed, water cooled distillation column 
for separation of heavy oil, light oil and gases. The lighter 
gaseous fraction was passed to a semi-continuous rotating 
catalysis reactor (700 °C) containing Fe or Co based  SiO2/
Al2O3 catalyst for carbon nanotube production. The amount 
Fig. 7  Pyrolysis-catalysis of polyethylene with intermediate condensation of higher hydrocarbons for the production of carbon nanotubes. 
Reprinted from reference [112]. Copyright (2018) with permission from Elsevier
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Fig. 8  Two-stage screw kiln pyrolysis-moving bed catalytic reactor for the production of carbon nanotubes. Reprinted from reference [113]. 
Copyright (2011) with permission from Elsevier
Fig. 9  Screw kiln pyrolysis-distillation–catalysis of waste plastics for the production of carbon nanotubes. Reprinted from reference [114]. Copy-
right (2016) with permission from Elsevier
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of carbon nanotubes produced from virgin polypropylene 
plastic was 13 wt%, from waste HDPE/PP (50:50) it was 
11 wt% and from MSW derived plastic, 17 wt% CNTs were 
produced in relation to the mass of plastic. The mass of car-
bon nanotubes produced were linked to the mass of lighter 
gaseous hydrocarbons produced from the plastics. The con-
taminants of polyamide in the plastic feedstock resulted in an 
improvement in carbon nanotube production, but polyvinyl 
chloride proved detrimental.
Other types of reactor have been used with the goal of 
producing carbon nanotubes from waste plastics. Yang et al. 
[115] used a three-stage reactor for the production of carbon 
nanotubes from various plastics, polyethylene, polypropyl-
ene and polyvinyl chloride. The first stage involved sublima-
tion of organo-metallic ferrocene at 120 °C, the second stage 
involved pyrolysis of the plastic at 450 °C and the third stage 
involved chemical vapour deposition at 800 °C. The carrier 
gas consisted of hydrogen and argon. The carbon nanotubes 
were deposited inside the quartz reactor. Long and straight 
carbon nanotube arrays were formed with lengths up to 
500 µm and typical diameters of 10–60 nm. The length of 
the carbon nanotubes were influenced by the reaction time 
at ~ 12 µm min 1. The diameter of the carbon nanotubes 
could be altered by control of the catalyst temperature and 
the feeding rate of the ferrocene catalyst precursor. A novel 
process reported by Altahli et al. [116] used waste plastic 
bags as the feedstock with pyrolysis of the plastic and subse-
quent chemical vapour deposition onto nanoporous alumina 
membranes. The membranes contained no catalyst and acted 
as a template for carbon nanotube growth with controlled 
geometry. Bajad et al. [117] developed a novel reactor design 
using a central core heating system where pyrolysis of plas-
tic waste was carried out in the outer core and catalysis in 
the inner core of the reactor. The reactor was designed to 
maximise the production of CNTs, hydrogen-rich syngas and 
liquid hydrocarbons. They reported the maximum CNT pro-
duction of 6.0 g of multi-walled CNTs from 30 g of polyeth-
ylene having 20–50 nm diameter and 10 nm wall thickness.
The two-stage pyrolysis-catalytic reactor system is pre-
ferred for the production of carbon nanotubes. In such cases, 
pyrolysis produces the hydrocarbon gases act as the carbon 
source for chemical vapour deposition in the catalytic stage. 
There is no, or minimal input of steam since higher steam 
inputs produce hydrogen via steam reforming. The two-stage 
pyrolysis-catalysis process has also been improved by using 
a condensation step between the two reactors which selec-
tively removes the higher molecular weight condensable 
hydrocarbons and results in a less complex gas mixture for 
the catalytic chemical vapour deposition stage. There have 
also been advancements in technology development from 
batch to continuous process systems.
Scale-up of the production of carbon nanotubes using 
waste plastics as the feedstock poses some challenges. There 
are many variables in the process that affect the quality of 
the product carbon nanotubes. The feedstock plastic com-
position may be a single type of plastic, but more likely 
the feedstock will be a mixture of different types. Research 
has shown that different types of plastic produce different 
yields and graphitic quality of the carbon nanotubes [118]. 
Also contamination of plastics with polyvinyl chloride has 
been shown to be detrimental to the yield and quality of 
carbon nanotubes. The influence of many different process 
conditions are also shown to be critical in affecting the yield 
and quality of the carbon nanotubes in terms of morphol-
ogy, graphitisation, wall thickness and length. For exam-
ple, carbon nanotubes are influenced by catalyst tempera-
ture [103–105, 113] catalyst metal type and metal particle 
size [76, 119], catalyst support material [76] steam input 
[118, 120]. In addition, several of the process variables are 
interdependent in affecting yield and quality of the carbon 
nanotubes. A further aspect to be considered for deployment 
of the technology is for separation of the carbon nanotubes 
from the catalyst substrate. Recovery of the carbon nano-
tubes from the catalysts via acid dissolution of the catalyst 
has been used, but reported to damage the structure of the 
carbon nanotubes [76]. A novel catalyst in the form of nickel 
impregnated steel mesh was reported to produce high yields 
of carbon nanotubes and carbon nanofibers which were 
reported to be easily removed from the mesh substrate by a 
mechanical process [121].
Also should be considered is the size of plant design 
based on the optimum waste plastic throughput, which 
should be matched to the market demand for the end-prod-
uct carbon nanotubes being produced. For example, lower 
yield but high quality from single plastic type feedstock or 
bulk carbon nanotubes of lower quality from a mixed plastic 
waste feedstock. Market research into the acceptability of 
the product in relation in terms of quality, standard specifi-
cations related to the end-use application in relation to the 
established market should be undertaken.
Influence of Process Conditions on Carbon 
Nanotube Production from Waste Plastics
The two key process parameters that will influence the yield 
and quality of carbon nanotubes from the two-stage, pyroly-
sis-catalysis of waste plastics, are, the type of plastic used as 
the feedstock and the catalyst metal/catalyst characteristics 
used in the chemical vapour deposition stage.
Polystyrene as an aromatic based polymer has also been 
investigated for the production of carbon nanotubes in com-
parison with polypropylene [122]. The polymer was mixed 
with xylene or toluene in the presence of an iron nano-
particle catalyst and coated onto a silicon wafer substrate. 
The samples were heated to between 500 and 900 °C, with 
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700 °C producing the most suitable carbon nanotubes. The 
product carbon nanotubes from polystyrene were between 
7.5 and 25 nm but had thick walls compared to those pro-
duced with polypropylene which was attributed to second-
ary pyrolytic deposition of carbon with the polystyrene 
precursor. Polyvinyl chloride (and other plastics, including 
polypropylene and polyethylene) has been investigated as a 
feedstock for the production of carbon nanotubes [115]. The 
process involved a quartz tube reactor with sublimation of 
organo-metallic ferrocene to produce an iron catalyst. Poly-
vinyl chloride was pyrolysed at 450 °C and then heating of 
the quartz tube to 800 °C produced vapour-catalyst interac-
tion and the formation of carbon nanotubes. However, it was 
found that the graphitic walls of the carbon nanotubes were 
more disordered and contained more defects compared with 
those produced with polyethylene. The defects were attrib-
uted to the presence of chlorine within the polyvinyl chloride 
influencing the dissolution of carbon into the metal catalyst.
There are fewer reports on the use of real-world waste 
plastic feedstocks for the production of carbon nanotubes. 
The presence of impurities potentially influencing the yield 
and quality of the carbon nanotubes. Wu et al. [123] reported 
on the pyrolysis-catalysis of several different waste plastics, 
including plastics from a motor oil container (MOC), waste 
commercial high density polyethylene (HDPE) and regran-
ulated HDPE waste containing polyvinyl chloride (PVC). 
The plastics were pyrolysed and the product gases passed 
to a catalytic steam reforming reactor using a Ni–Mn–Al 
catalyst, where the carbon was deposited on the catalyst. 
All of the plastics produced carbon deposits which consisted 
of amorphous and filamentous carbons which were shown 
to be mostly multi-walled carbon nanotubes. The carbon 
nanotubes had average diameters of 30 nm with 10 nm thick 
walls and up to 10 µm in length. The HDPE containing PVC 
produced less carbon nanotubes which was attributed to the 
chlorine which poisoned the catalyst.
The type of metal catalyst, presence of metal promo-
tors and catalyst support material will influence the yield 
and quality of the product carbon nanotubers. Acomb et al. 
[124], investigated the influence of different catalyst metals 
supported on alumina for the production of carbon nano-
tubes using a fixed bed, batch pyrolysis-catalytic, two-stage 
reactor. The metal-alumina catalysts investigated were 
Ni–Al2O3, Fe–Al2O3, Co–Al2O3 and Cu–Al2O3. Pyrolysis 
of the polyethylene was at a temperature of 600 °C (plas-
tic heated to 600 °C at 50 °C min−1) and the catalyst was 
heated to 800 °C in the second stage. Carbon nanotubes were 
produced with the Ni-, Fe- and Co-alumina catalysts but 
only low yields were reported for the Cu-alumina catalyst. 
The yield of carbon nanotubes was linked to the strength 
of interaction between the metal and support. Iron having 
a strong interaction between metal and support and also a 
high carbon solubility producing the highest yield of carbon 
nanotubes, whereas copper had only a weak interaction with 
the alumina support, producing virtually no carbon nano-
tubes. Gong et al. [125] also investigated the influence of 
different catalyst metals on the production of carbon nano-
tubes using polypropylene as the plastic feedstock. They 
pyrolysed polypropylene at temperatures between 720 and 
920 °C with metal catalysts together with activated carbon. 
The metal catalysts consisted of  Ni2O3,  Fe2O3 and  Co2O3 
and were mixed with the activated carbon and polypropyl-
ene and heated in a quartz tube reactor. The carbon residue 
left in the quartz tube after reaction contained the carbon 
nanotubes. It was suggested that the addition of activated 
carbon produced an increase in the cracking of the polypro-
pylene and also the formation of aromatic and/or polycyclic 
aromatic compounds from the light hydrocarbon pyrolysis 
products. Also, the activated carbon promoted hydrogena-
tion and aromatisation reactions which led to an increase in 
carbon nanotube production.
Nahil et al. [119] used a two-stage reaction system to 
investigate the influence of a range of metal catalyst promo-
tors (Zn, Mg, Ca, Ce or Mn) incorporated into a nickel based 
catalyst based on ternary mixed oxide types Ni-Metal-Al for 
the two-stage pyrolysis-catalysis of polypropylene. Only the 
Ni–Mn–Al catalyst produced significant amounts of carbon 
nanotubes, with the others producing amorphous or filamen-
tous carbons. Liu et al. [126] reported that the most effective 
catalyst metals for carbon nanotube production using the 
chemical vapour deposition synthesis process are nanopar-
ticles of the transition metals nickel, iron and cobalt due to 
their high carbon solubility and high diffusion rate of car-
bon. Other metals investigated include, copper, ruthenium, 
manganese and chromium. Liu et al. [126] used a two-stage 
pyrolysis-catalyst reactor to produce carbon nanotubes from 
waste plastics using a Ni/ceramic  (Al2O3) membrane cata-
lyst. The micro-channels of the ceramic membrane struc-
ture control the active catalyst metal deposition inside the 
ceramic membrane and thereby control the diameters of the 
product carbon nanotubes. The plastic used was high density 
polyethylene pyrolysed at 500 °C and the pyrolysis gases 
passed to the catalyst stage maintained at either, 600, 700 or 
800 °C. In addition, different nickel metal loadings on the 
ceramic membrane support were investigated. The results 
showed that the optimum temperature for CNT growth was 
700 °C, it was suggested that increased catalyst temperature 
promoted the diffusion rate of carbon atoms in the metal 
particles and thereby carbon nanotubes are produced with 
less defects. But at higher temperatures, sintering of metal 
particles increases particle size and deactivates the catalyst. 
Increased metal loading resulted in increased metal particle 
size from ~ 12.0 to 34.5 nm and consequent increase in the 
diameters of the product carbon nanotubes, from ~ 15.5 to 
25.0 nm. In a later paper [120] using the same reactor sys-
tem and same Ni/ceramic membrane catalyst, the influence 
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of steam injection on the production and quality of product 
carbon nanotubes was investigated. The results showed that 
the injection of steam reduced the carbon nanotube diameter 
range. It was also suggested that steam was responsible for 
the mild oxidation of amorphous carbon, thereby reducing 
catalyst deactivation via carbon encapsulation of the metal 
particle and consequently influencing carbon nanotube 
growth.
The addition of steam to the second stage catalytic reac-
tor has been found to influence the amount and quality of 
carbon nanotubes, with high steam input markedly reducing 
carbon nanotube formation [119]. The injection of steam 
and rate of steam input has also been shown to influence 
the yield and quality of carbon nanotubes by others [118, 
127, 128]. Hata et al. [127] reported that the steam acts as 
a mild oxidising agent for the oxidation of the amorphous 
carbons which reduces catalyst deactivation, thereby, ena-
bling longer and purer carbon nanotubes to form. Ago et al. 
[128] investigated the rate of steam input and showed that 
increased steam addition increased carbon nanotube yield, 
but excessive steam input deactivated the catalyst and 
restricted the deposition of methane for carbon nanotube 
production. Acomb et al. [118] investigated the influence of 
steam input rate for polypropylene, low density polyethylene 
and polystyrene on the formation of carbon nanotubes using 
a two-stage pyrolysis-catalytic steam reforming reactor. The 
yield and quality of the product carbons was influenced by 
steam input rate, but the optimum rate was different for the 
different plastics.
The main catalyst used for carbon nanotube production 
from waste plastics reflect those used in commercial produc-
tion, such as iron, cobalt and nickel based catalysts. Cata-
lysts with strong interaction between metal and support and 
finely dispersed metal catalyst particles have been shown 
to result in higher yields of carbon nanotubes. The influ-
ence of process conditions suggests that higher pyrolysis 
temperature produces a less complex gas mixture for car-
bon nanotubes growth. Higher catalyst temperatures favour 
carbon nanotube production but at temperatures of 900 °C, 
carbon nanotubes are reduced in quality due to sintering of 
the catalyst metal. Higher steam inputs to the catalyst result 
in higher rates of hydrocarbon reforming and consequently 
much lower yields of CNTs. At low steam inputs, mild oxi-
dation of amorphous hydrocarbons improves the quality of 
the carbon nanotubes.
One of the issues of producing carbon nanotubes from 
waste plastics using the catalytic chemical vapour deposition 
process is the extraction of the product carbon nanotubes 
away from the catalyst used for their growth. The carbon 
nanotubes can become encapsulated and intermingled with 
the catalyst particles, making recovery of the carbon nano-
tubes difficult. Zhang et al. [121] used a two-stage pyrolysis-
catalytic reactor with a novel nickel impregnated stainless 
steel mesh in the catalyst stage to produce carbon nanotubes. 
The plastic used was high density polyethylene. Higher tem-
peratures of the nickel-stainless steel mesh catalyst increased 
CNT yield and higher plastic-to-catalyst ratio resulted in a 
reduction in catalyst carbon deposition at 900 °C. It was 
also found that the use of the mesh catalyst enabled easy 
collection of the product CNTs. The production of carbon 
nanotubes produced from waste plastics by pyrolysis and 
chemical vapour deposition catalysis are often accompa-
nied by the production of carbon nanofibers, that is, solid 
filaments rather than hollow tubes [76, 121, 129]. Indeed, 
Zhang et al. [121] estimated that the proportion of carbon 
nanofibers compared to carbon nanotubes was up to 40% for 
filamentous type carbons produced from waste plastics using 
their nickel-stainless steel mesh catalyst. Chatterjee and 
Deopura [130] have discussed the mechanism of formation 
for carbon nanofibers compared to carbon nanotubes. They 
suggest that the initial formation of the carbon nanofibers is 
similar to that of carbon nanotubes, involving a carbon con-
taining precursor feedstock and a process of carbon deposi-
tion, absorption and precipitation of carbon onto the catalyst 
metal particle surface. Further carbon vapour precipitation 
forms a highly graphitic strand that lengthens and thickens to 
produce a nanofiber. Carbon nanofibers, similarly to carbon 
nanotubes, have a commercial value and with applications 
in battery technology, composite materials and in medical 
and environmental applications.
Co‑production of Hydrogen and Carbon Nanotubes 
from Waste Plastics
The two-stage pyrolysis-catalysis of waste plastics has been 
shown to produce carbon nanotubes. In addition, the addi-
tion of steam may be beneficial for improving the quality 
of the product carbon nanotubes through the mild oxida-
tion of reactive amorphous carbon. The addition of steam 
to the waste plastics pyrolysis gases in a chemical vapour 
deposition catalytic reactor will also generate steam through 
reforming of the pyrolysis hydrocarbons. As a consequence, 
there has been interest in developing a two-stage pyrolysis-
catalysis system for the co-production of both hydrogen and 
carbon nanotubes. For example, Liu et al. [131] investigated 
iron and nickel based  SiO2 catalysts for the co-production 
of hydrogen and carbon nanotubes from waste polypropyl-
ene. A two-stage reactor was used with pyrolysis at a final 
temperature of 500 °C and catalyst temperature at 800 °C 
and the influence of catalyst metal particle size investigated. 
The results showed that the Fe–SiO2 catalyst had the largest 
metal particles compared with the smaller metal particles 
for Ni–SiO2. The larger iron particles resulted in the high-
est hydrogen production and highest yield of carbon, which 
was suggested to be due to the high carbon solubility of 
iron. There was a strong link between the metal particle size 
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and the diameters of the product carbon nanotubes. Also, 
Yao et al. [129] reported on the influence of different types 
of catalyst with different support materials and also the 
influence of operational parameters on CNT and hydrogen 
production in a two-stage, quartz pyrolysis-catalyst reactor. 
The catalysts investigated were Ni, Fe and Ni–Fe metals on 
γ-Al2O3, or α-Al2O3 support material and the operational 
parameters investigated included catalyst temperature and 
steam-input. The bimetallic Ni–Fe catalyst showed strong 
interaction between metal and support and finely dispersed 
catalyst particles resulting a higher yield of carbon nano-
tubes. Higher catalyst temperature favoured CNT production 
and also hydrogen, but at the highest temperature investi-
gated at 900 °C, the carbon nanotubes were of lower qual-
ity due to sintering of the metal. Higher steam inputs to 
the catalyst reactor resulted in higher rates of hydrocarbon 
reforming and consequently higher yields of hydrogen, but 
much lower yields of CNTs.
Wu et al. [132] used a two-stage reaction system to pyro-
lyse polypropylene followed by steam reforming of the prod-
uct pyrolysis gases using Ni/Ca–Al and Ni/Zn–Al catalysts. 
In addition to the generation of hydrogen, significant for-
mation of multi-walled carbon nanotubes on the catalyst 
was reported. The carbon nanotubes deposited on the Ni/
Ca–Al catalyst were 50 nm in diameter and several µm in 
length and characterisation by Raman spectrometry revealed 
that they were highly graphitic in nature. From temperature 
programmed oxidation of the used Ni/Ca–Al catalyst, it was 
estimated that 20 wt% of the mass of catalyst consisted of 
carbon nanotubes, representing ~ 0.16 g g−1polypropylene. 
The Ni/Zn–Al catalyst produced more hydrogen and less 
carbon nanotubes than the Ni/Ca-Al catalyst.
Properties of Plastic Derived Carbon Nanotubes
Carbon nanotubes may be characterised by a range of dif-
ferent analytical techniques, including scanning electron 
microscopy (SEM) and transmission electron microscopy 
(TEM) and Raman spectral analysis [124]. Typical SEM, 
TEM and Raman spectral analyses of carbon nanotubes 
derived from waste plastic are shown in Fig. 10. The carbon 
nanotubes were produced from the pyrolysis-catalysis of 
waste low density polyethylene in the presence of a nickel-
alumina catalyst. The deposition on the nickel-alumina cata-
lyst in the SEM image in Fig. 11a shows the presence of 
filamentous carbons on the catalyst surface. TEM images 
shown in Fig. 11c confirmed that the filaments observed 
were multi-walled carbon nanotubes. The carbon nanotubes 
had diameters between 15 and 30 nm and lengths of up to 
several microns.
Also shown in Fig. 10 is the Raman spectral analysis of 
the carbon nanotubes collected on the nickel-alumina cata-
lyst. Raman spectrometry characterises the purity, crystal 
defects and tube alignment of the carbon nanotubes. The 
Fig. 10  Analysis of carbon 
nanotubes produced from waste 
plastic (low density polyeth-
ylene) on a nickel-alumina 
catalyst a SEM, b Raman spec-
troscopy and c TEM. Reprinted 
from reference [124]. Copyright 
(2016) with permission from 
Elsevier
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analysis gives an indication of the quality of the carbon 
nanotubes. The Raman spectrum of the sp3-hybridised 
carbon–carbon bond (D band) shows a single sharp peak 
between 1290 cm−1 and 1360 cm−1. Carbon atoms in hex-
agonal arrangement such as graphite, graphene and multi-
walled carbon nanotubes (MWCNT) with sp3-hybridised 
carbon–carbon bond, shifts the Raman peak to a higher 
frequency at 1582 cm−1, designated as the G-band. The G’ 
band gives a peak at 2700 cm−1. For MWCNT the inten-
sity of the D band increases compared to the G band with 
increasing number of walls in the MWCNT. Figure 10 shows 
the presence of both G and D peaks for the carbon nanotubes 
produced from plastic waste, with the peaks being of a simi-
lar height. The ratio between these peaks, G:D ratio, is often 
used as a tool to determine the quality of CNTs produced 
with a higher value representing higher quality or purity 
CNTs. Figure 10 shows a G:D ratio of 1.10, indicating less 
purity in terms of CNTs. The spectra produced show peaks 
at 1589 and 1348 cm−1 corresponding to the G peak, asso-
ciated with graphitic carbon structures within the sample, 
and the D peak associated with defects within the graphic 
lattice or amorphous carbons, respectively. The G’ peak is 
also observed at 2709 cm−1 associated with the two photon 
elastic scattering process, and can be used as an indicator of 
the purity of carbon nanotubes.
Carbon nanotubes produced from different waste plastics 
via pyrolysis-catalysis have also been characterised by trans-
mission electron microscopy and Raman spectroscopy to 
determine the influence of plastic type on the carbon nano-
tubes produced [118]. Figure 11 shows the carbon deposits 
formed from polyethylene, polypropylene and polystyrene. 
Multi walled carbon nanotubes were confirmed for all of the 
plastics and were similar in morphology and were between 
10 and 20 nm in diameter and lengths of several hundred 
nm. However, the yield of CNTs for each plastic were dif-
ferent, where polyethylene produced 19 wt% of carbon 
nanotubes, much larger than either polypropylene, 9 wt%, or 
polystyrene, 10 wt%. Raman spectroscopy was also under-
taken to characterise the carbon deposits produced with the 
different waste plastics (Fig. 12). The results showed that 
polyethylene had a much higher purity of CNTs with a G:D 
ratio of 1.7, compared with 1.2 for polypropylene and 1.1 
for polystyrene.
The European Commission Joint Research Centre [133] 
have characterised, in detail, several representative multi-
walled carbon nanotubes. The carbon nanotubes produced 
were multi-walled types produced by chemical vapour depo-
sition of hydrocarbons at 600–1200 °C. The characteristic 
morphology of entangled carbon nanotubes as determined 
by transmission electron microscopy, and the lengths and 
diameters of the commercial carbon nanotubes are similar 
to those produced from waste plastics. In addition, Raman 
spectral analysis of the commercial carbon nanotubes [133] 
compared to those produced from waste plastics [118, 124] 
showed a similar graphitic nature and purity.
Application of Carbon Nanotubes Produced 
from Waste Plastics
The product carbon nanotubes from the pyrolysis-catalysis 
of waste plastics have been tested in a limited number of 
applications. For example, carbon nanotubes produced from 
the pyrolysis-catalysis of waste polypropylene were incor-
porated as strengthening reinforcement in the fabrication of 
a low density polyethylene composite material [134]. It was 
reported that the tensile strength and flexural strength of 
the CNT reinforced composite material were significantly 
improved to a maximum of 15% and 19% respectively, with 
the addition of the recovered CNTs. Moo et al. [135] pro-
duced carbon nanotubes from various different plastics using 
a two-stage quartz pyrolysis-catalysis reactor. They evalu-
ated the product CNTs as electrode materials in electroca-
talysis, such applications include their use as fuel cell elec-
trode material for oxygen reduction reaction. They reported 
Fig. 11  Transmission electron micrographs of carbon nanotubes produced with different waste plastics. Reprinted from reference [118]. Copy-
right (2014) with permission from Elsevier
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improved electrocatalytic activity for CNTs produced at 
higher catalyst temperature, but there was little difference 
in performance for the CNTs produced from different types 
of waste plastic. Cai et al. [136] have reported on a novel 
route to produce nitrogen and iron carbon nanotubes with 
an application as electro-catalysts for the oxygen reduction 
reaction in fuel cells or metal air batteries. Fe-CNTs were 
produced from the pyrolysis-catalysis of polypropylene 
with a Fe-Al2O3 catalyst, followed by co-pyrolysis of the 
Fe-CNTs with melamine. The product Fe–N-CNT’s showed 
remarkable electro-catalytic activity, outperforming a Pt on 
carbon electro-catalyst in oxygen reduction reaction tests and 
in Zn-air battery tests. Deokar et al. [137] produced carbon 
nanotubes from waste polyethylene as the source of carbon 
with a Ni/Mo/MgO catalyst in a single step process using a 
quartz crucible. The product carbon nanotubes were tested 
for the removal of a herbicide (diuron) from a representative 
wastewater. Diuron is a phenyl herbicide used for control 
of grassy weeds, mosses and algae. It was reported that the 
plastic derived carbon nanotubes were an effective adsorbent 
for diuron removal from aqueous solution and therefore a 
suitable adsorbent for the treatment of wastewater.
Conclusions and Discussion
The environmentally sustainable management of waste plas-
tics is of current concern. Hydrogen has a wide number of 
industrial applications and is regarded as a clean fuel and 
centrally placed in future energy scenarios. Carbon nano-
tubes have been shown to have unique and advantageous 
properties in a number of applications and are regarded as 
high value products. Consequently, using waste plastics as a 
feedstock for the production of hydrogen and carbon nano-
tubes provides an appealing treatment option. Literature 
reports have shown a range of different reactor configura-
tions used to produce hydrogen and carbon nanotubes from 
waste plastics. This review has concentrated on the two-stage 
reactor system, with pyrolysis of the waste plastics under 
controlled conditions in a first stage process, the evolved 
pyrolysis gases are then passed to a second controlled cata-
lytic reactor where hydrogen and/or carbon nanotubes can be 
produced. In particular, this review has covered the produc-
tion of hydrogen and carbon nanotubes from waste plastics 
concentrating on the various reactor designs investigated, 
influence of process parameters, catalyst types used etc. 
The development of reactor systems for both hydrogen and 
carbon nanotubes production is a move from batch to con-
tinuous systems which enable larger throughputs of waste 
plastics and increased yields of product. Some continuous 
system have been developed, but the reactors are at labora-
tory scale. Consequently, larger pilot-scale reactor systems 
should be developed.
In regard to the influence of process parameters on hydro-
gen yield and quality and yield of carbon nanotubes, the 
type of plastic under investigation, the temperature of pyrol-
ysis and catalyst temperature are shown to be key factors 
Fig. 12  Raman spectra of carbon nanotubes produced from differ-
ent waste plastics (polyethylene, polypropylene and polystyrene). 
Reprinted from reference [118]. Copyright (2014) with permission 
from Elsevier
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in determine hydrogen and carbon nanotube yield. In some 
processes, both hydrogen and carbon nanotubes have been 
produced in a co-processing system. In such cases, the steam 
input is optimised for either hydrogen, carbon nanotubes 
or both products. There is a trade-off between introduction 
of steam which improves hydrogen yield, and also improve 
carbon nanotubes quality by oxidising more reactive amor-
phous carbons. However, at higher steam inputs, the carbon 
nanotubes themselves are oxidised.
A further consideration for the devlopment of waste plas-
tics management via the two-stage process is the need for 
a whole-systems approach to consider the collection and 
potentially the sorting of the post-consumer plastic waste 
and the market demand for the end-products. The collection 
of household waste plastics is common in Europe, whether 
as a separate plastic waste or commingled with other house-
hold recylable waste streams. The collection process involv-
ing potentially hundreds of thousands of homes represents 
a considerable part of the costs of the process system. Cen-
tralised sorting may be required to produce a suitable plastic 
feedstock for the pyrolysis-catalysis process plant. Sorting 
of plastics involves removal of any commingled waste mate-
rials and also to produce a plastic waste stream of known 
plastic composition. In particular, it may be necessary for the 
removal/reduction of contaminants from the plastic where 
there presence in the plastic may inhibit the plant efficien-
cieny. For example, the presence of chlorinated plastics 
(polyvinyl chloride), plastics wcontaining brominated fire 
retardants and inorganic contaminants mixed with the plas-
tics such as volatile heavy metals. In addition, transport costs 
of the plastic waste to the sorting plant and/or the plastics 
pyrolysis-catalysis plant should also be considered. While 
hydrogen and carbon nanotubes are known to be higher 
value products, the penetration of alternative sources of 
these commodities into the market place may not be straight 
forward. For example, low production tonnages of hydrogen 
may not be attractive to a market that is well established with 
known composition/quality standards to maintain. Similarly, 
there are many different types of carbon nanotubes that are 
in market demand and again, quality of the produced carbon 
nanotubes and the requirement to meet standard specifica-
tions should be considered. Therefore, it is essential to match 
the characteristics of the produced carbon nanotubes and 
thereby, the process conditions to the requirements of the 
stabndard specifications of the particular application of the 
carbon nanotubes in the market place.
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